Epstein-Barr virus (EBV) super-enhancers (ESEs) are essential for lymphoblastoid cell (LCL) growth and survival. Reanalyses of LCL global run-on sequencing (Gro-seq) data found abundant enhancer RNAs (eRNAs) being transcribed at ESEs. Inactivation of ESE components, EBV nuclear antigen 2 (EBNA2) and bromodomain-containing protein 4 (BRD4), significantly decreased eRNAs at ESEs −428 and −525 kb upstream of the MYC oncogene transcription start site (TSS). shRNA knockdown of the MYC −428 and −525 ESE eRNA caused LCL growth arrest and reduced cell growth. Furthermore, MYC ESE eRNA knockdown also significantly reduced MYC expression, ESE H3K27ac signals, and MYC ESEs looping to MYC TSS. These data indicate that ESE eRNAs strongly affect cell gene expression and enable LCL growth.
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Epstein-Barr virus | super-enhancer | eRNA | MYC E pstein-Barr virus (EBV), the first human DNA tumor virus, was discovered in African Burkitt's lymphoma cells, more than 50 y ago (1) . EBV infection causes Burkitt's lymphoma, Hodgkin's lymphoma, post-transplant lymphoproliferative disorder (PTLD), AIDS-associated lymphomas, nasopharyngeal carcinomas, and gastric cancers (2) . In vitro, EBV transforms human primary B lymphocytes into lymphoblastoid cell lines (LCLs), which express six EBV nuclear antigens (EBNAs) and three latent membrane proteins (LMPs), noncoding RNAs, and miRNAs (2) . Genetic studies identified EBNA1, EBNALP, EBNA2, EBNA3A, EBNA3C, and LMP1 to be essential for continuous LCL proliferation (3) (4) (5) (6) (7) . LCLs express the same viral latency program as some EBV-associated malignancies, they are therefore useful models of EBV-mediated oncogenesis.
Recent studies have highlighted the mechanisms through which EBV establishes and maintains LCL growth and survival. EBNA2 up-regulates the key oncogene MYC, thereby promoting infected B-cell proliferation (8) (9) (10) (11) . EBNA3A and EBNA3C repress the CDKN2A loci, thereby preventing cell senescence (12) (13) (14) , whereas LMP1 activation of NF-κB suppresses apoptosis (15) . EBNA2 is the principal EBV transcription factor (TF) that activates the expression of all of the viral latency genes and many cell genes (16, 17) . EBNA2 is tethered to DNA through cell TFs. Its C-terminal transactivation domain recruits basal transcription machinery and activates gene transcription (11, (18) (19) (20) . EBNALP coactivates with EBNA2 by removing repressors (21, 22) . EBNA3C binds to the p14 ARF promoter and represses CDKN2A expression (23, 24) , whereas EBNA3A binds to sites further upstream of CDKN2B (25) . Genome-wide analyses found most EBNAs and NF-κB components bound to enhancer sites. Although each EBNA and NF-κB subunit is independent and functionally nonredundant, EBNA2, EBNALP, EBNA3A, EBNA3C, and the five LMP1-activated NF-κB subunits converge at 187 EBV super-enhancer (ESE) sites that have extraordinary broad and high H3K27ac ChIP-seq signals, characteristic of super-enhancers (26) . ESEs are linked to key oncogenes including MYC and MIR155. ESEs are also linked to genes critical for B-cell functions, including IKZF3, RUNX3, and OCA-B. ESEs are co-occupied by many cell TFs, including EBF, SPI-1, PAX5, ETS1, IRF4, and BATF (26) . However, only EBNA2, RBPJ, NFATc, STAT5, RNA polymerase II (Pol II), and H3K27ac ChIP-seq signals differentiate ESEs from typical enhancers. Conditional inactivation of ESE constituents, EBNA2, NF-κB, or inhibition of epigenetic reader, BRD4, represses ESE target gene expression and stops LCL growth. EBV typical enhancers (ETE), with all associated EBV transcription factors or NF-κB subunits, have significantly less H3K27ac and Pol II signals. Their associated genes are expressed at lower levels (26) .
Enhancer RNAs (eRNAs) are newly identified noncoding RNAs transcribed from active enhancers by Pol II (27) . eRNAs can stabilize TF associations with their cognate sequences (28) . This interaction generates a positive feedback loop, which ensures transcription. eRNAs can also facilitate enhancer-promoter looping, thus allowing assembly of larger transcription complexes, and enabling higher-level transcription from promoters (29) . We now describe a component of ESE i.e., eRNAs, that are essential for MYC expression and LCL growth.
Results eRNA Expression at ESEs and ETEs. ESEs have high signals for TFs associated with high-level transcription, such as EBNA2, which has a strong transactivation domain and active histone modifications, including H3K27ac, H3k4me1, and H3K4me3. ESEs also have high signals for p300, BRD4, and Pol II (26) . RNA Pol II is frequently paused without active transcription elongation. Paused Pol II can be activated by cyclin-dependent kinases mediating phosphorylation of serine 5 of the C-terminal domain (CTD), thus releasing paused Pol II to enable transcription elongation (30) . We first analyzed the Encyclopedia of DNA Elements (ENCODE) GM12878 LCL Pol II CTD Ser5 ChIP-seq data.
Significance EBV infection causes African Burkitt's lymphoma; Hodgkin's disease; lymphomas in immune suppressed people, including HIV infected people; nasopharyngeal carcinoma; and ∼10% of gastric carcinomas. We recently found EBV super-enhancer (ESE) to be critical for lymphoblastoid cell (LCL) growth and survival. We now identified an ESE constituent, enhancer RNA (eRNA), that is important for ESE function. These eRNAs were activated by viral transactivator, EBV nuclear antigen 2 (EBNA2). MYC oncogene ESE eRNAs were able to enhance ESE activation of MYC expression and are essential for LCL growth. Targeting ESE eRNAs may lead to new therapeutics for EBV-associated malignancies.
Abundant Pol II CTD Ser5 ChIP-seq signals were evident throughout the ESEs (Fig. 1A) , suggesting that Pol II at ESEs is engaged in active transcription elongation. To determine whether eRNA is being transcribed from ESEs, we reanalyzed GM12878 LCL GRO-seq data generated by Core et al. (31) . GRO-seq assesses global nascent RNA transcription. Sequencing reads were first mapped to the human genome and visualized on an Integrative Genomics Viewer genome browser (32) . Abundant, bidirectional RNA transcripts were mapped to ESEs (Fig. 1B) . The mapped transcripts covered most ESEs on both forward and reverse strands. We further examined the MYC ESEs, −428 and −525 kb upstream of the MYC TSS (Fig. 1C and Fig. S1A ). High and broad GRO-seq eRNA signals on both strands of these ESEs. The eRNA signals cooccurred with wide and tall H3K27ac signals. These two ESEs also have strong EBNA2, Pol II, p300, and BRD4 signals. The vast majority of the eRNA signals fell within the H3K27ac peaks. High EBNA2 signals also overlapped with the tallest eRNA peaks. These data indicate that EBNA2 may be a driving TF that up-regulates MYC ESE eRNA transcription.
We also examined the eRNA transcript levels at ETEs. Most ETEs also had high eRNA transcript levels ( Fig. S1B ).
BRD4 Inactivation Reduced MYC ESEs eRNAs. BRD4 is an important ESE constituent and an epigenetic reader that binds to H3K27ac. Upon binding to H3K27ac, BRD4 recruits P-TEFb to phosphorylate the Pol II CTD Ser5 to enable transcript elongation (33) . The small molecule inhibitor, JQ1, blocks BRD4 association with H3K27ac to suppress transcription. LCLs treated with JQ1 have much reduced MYC expression resulting in cell growth arrest (26) .
To evaluate the effects of JQ1 treatment on eRNA transcription, GM12878 LCLs were treated with 500 nM JQ1 or DMSO control for 24 h. Total RNAs were prepared. Quantitative RT-PCR (qRT-PCR) primers were designed to detect eRNAs from positive or negative strands of the MYC −428 and −525 ESEs. eTFF1 was used as a negative control (31) . eRNAs were assessed by qRT-PCR. Compared with DMSO-treated LCLs, the MYC −428 and −525 ESE eRNA levels were significantly reduced (P < 0.01) by JQ1 treatment. The reduction ranged from >80% to ∼40% (Fig. 2A) . These data indicate that ESE eRNA transcription is sensitive to BRD4 perturbation and that BRD4 is important for eRNA expression.
MYC ESE eRNAs Were EBNA2 Dependent. The average EBNA2 ChIP-seq signal is ∼twofold higher at ESEs than ETEs (26) . EBNA2 is tethered to cell DNA mostly through RBPJ (11) . EBNA2 is similar to its cell counterpart, Notch, which induces RBPJ DNA binding (22) . RBPJ ChIP-seq signals also distinguish ESEs from ETEs (26) . Because EBNA2 ChIP-seq peaks mostly overlapped with MYC ESE eRNAs, we tested whether EBNA2 inactivation reduces MYC ESE eRNA levels. We used conditional EBNA2 LCLs wherein EBNA2 is fused to the hormone binding domain of a modified estrogen receptor hormone binding domain that is only responsive to 4-hydroxytamoxifen (4HT) (34) . In the presence of 4HT, the LCLs grows normally, whereas in the absence of 4HT, EBNA2 is translocated to the cytoplasm, where it is degraded, causing the LCLs to stop growing. EBNA2HT LCLs were grown in the presence or absence of 4HT for 3 d. Total RNAs were prepared from these cells. qRT-PCR was used to quantitate the abundance of MYC −428 and −525 ESE eRNA from both positive and negative strands. EBNA2 inactivation significantly reduced these eRNA by ∼50% (P < 0.01) (Fig. 2B ). These data indicate that EBNA2 can activate the expression of MYC ESE eRNAs.
shRNA Knockdown of MYC ESE eRNAs Reduced LCL Growth. shRNA was used to knock down MYC ESE eRNAs to further assess their roles in LCL growth and survival. GM12878 LCLs were transduced with lentiviruses expressing two independent shRNAs targeting the MYC −428 and −525 ESE eRNAs. After lentivirus transduction, LCLs were selected with puromycin to eliminate untransduced cells. LCLs were then seeded at 1 × 10 5 /mL. Three days after the cells were seeded, total RNAs were prepared and qRT-PCR was used to determine the effect of shRNA knockdown on MYC −428 and −525 ESE eRNAs expression levels. shRNA knockdown reduced both −525 and −428 ESE eRNAs by >80% (Fig. S2A) . Cell numbers were counted daily after seeding. LCLs transduced with the control nontargeting shRNA grew normally, doubling daily. LCLs transduced with shRNAs targeting the MYC −428 and −525 eRNA grew much slower (Fig. 3) .
We also evaluated the LCL cell cycle profile at day 3 following shRNA knockdown by propidium iodide (PI) staining and FACS analyses. MYC ESE eRNA shRNA knockdown reduced LCLs in S phase and increased LCLs in G 1 /G 0 and G 2 phase (Fig. S2B and Table S1 ), suggesting that MYC ESE eRNA are important LCL cell cycle progression. The growth arrest occurred in both in G 1 /G 0 and G 2 phase, similar to EBNA2 inactivation (10) . MYC ESE eRNA shRNA knockdown also slightly increased the cells in sub-G 1 phase.
shRNA Knockdown of MYC ESE eRNA Reduced MYC Expression. To determine whether MYC ESE eRNA knockdown caused LCL growth arrest is due to reduced MYC expression, qRT-PCR was used to evaluate MYC mRNA levels following MYC ESE eRNA knockdown. Three days after puromycin selection, MYC mRNA levels were determined by qRT-PCR. MYC −428 and −525 ESE eRNA knockdown significantly reduced MYC expression by >70% (P < 0.01) (Fig. 4A) . In contrast, shRNA knockdown had no effect on a negative control, GAPDH, expression. MYC ESE shRNA knockdown also did not affect the expression of other ESE targets, including IGLL5, TRAF1, and RUNX3. This finding indicated that the MYC ESE eRNAs were specific for up-regulating their target, MYC. Western blot was used to determine the MYC protein levels after shRNA knockdown of MYC ESE eRNAs (Fig. S2C) . shRNA knockdown also greatly reduced MYC protein level.
shRNA Knockdown of MYC ESE eRNA Reduced H3K27ac Signals at the MYC ESEs. Because H3K27ac signals correlate with transcription, we examined the effect of eRNA knockdown on MYC ESE H3K27ac signals by ChIP-quantitative PCR (qPCR). Three days after puromycin selection following MYC ESE shRNA or control shRNA knockdown, ChIP assays were done by using antibody against H3K27ac or a control anti-HA antibody. qPCR with primers specific for the −525 and −428 MYC ESEs were used to quantitate immune precipitated DNA and were normalized against input control. H3K27ac ChIPed ∼0.6% and ∼0.4% of −428 and −525 ESE input DNA from control shRNA-treated cells. shRNA knockdown of −428 and −525 ESE eRNA reduced ESE H3K27ac signals by more than 80% (P < 0.05) (Fig. 4B) . Anti-HA antibody ChIPed only background level DNA. These data indicate that MYC ESE eRNAs were important for maintaining high ESE H3K27ac levels and high enhancer activity.
shRNA Knockdown of MYC ESE eRNA Reduced MYC ESE Looping to the MYC TSS. The MYC −428 and −525 ESEs loop to MYC TSS and up-regulate MYC expression as shown by chromatin conformation capture (3C), fluorescent in situ hybridization (FISH) (11), captured 3C followed by deep sequencing (C Hi-C) (35) , and circularized chromatin conformation capture followed by deep-sequencing (4C-seq) (36) in LCLs. To determine whether the MYC ESE eRNAs are important for MYC ESE looping to the MYC TSS, 3C qPCR assays were done in LCLs transduced with control shRNA or shRNA targeting ESE eRNAs. LCLs were fixed with formaldehyde to cross-link protein-DNA or protein-protein complexes and then lyzed in lysis buffer. Cell lysates were digested with EcoRI. After extensive dilution, DNA MYC ESE eRNA levels were shown relative to control TFF1 eRNA, which was set to 1. Error bar indicated SD of triplicate data from three independent experiments. Student's t test, *P < 0.01. (B) Total RNA was extracted from conditional EBNA2HT LCLs, grown under permissive (E2+) or nonpermissive (E2-) conditions for 72 h, and the RNA expression levels were measured by qRT-PCR. RNA levels were first normalized to GAPDH. MYC ESE eRNA levels were shown relative to control TFF1 eRNA, which was set to 1. Error bar indicated SD of triplicate data from three independent experiments. Student's t test, *P < 0.01. fragments were ligated overnight. After reverse cross-linking, purified DNAs were amplified by qPCR with a fixed anchor primer (Fig. 5B, indicated in red) at the MYC TSS and 12 primers near EcoRI sites in the MYC enhancer, ranging from −60 to −565 kb upstream of MYC (Fig. 5A ). The PCR efficiencies of different primer sets were normalized against BAC DNA. Primers nearest to the anchor had higher interaction frequencies and the interaction frequency was reduced to the background at the seventh and eighth primers. The interaction frequencies increased again at the −428 and −525 ESE and then fell to background levels again (Fig. 5B) . The −525 ESE eRNA knockdown significantly reduced −525 ESE looping to the MYC TSS (P < 0.02) but had a slight effect on the −428 ESE looping to MYC TSS. Similarly, the −428 ESE eRNA knockdown greatly diminished the −428 ESE looping to MYC TSS (P < 0.02) with lesser effect on −525 ESE looping to MYC TSS. These data indicate that MYC ESE eRNAs are important for MYC ESE looping to MYC TSS (Fig. 5B) .
Discussion
Super-enhancers (SEs) have critically important roles in differentiation, development, and oncogenesis. SEs frequently control oncogenes in tumors, and mutations in cancer genome can result in new SE formation (37, 38) . EBV SEs are important for LCL growth and survival (26) . Here, we identify eRNAs as an ESE constituent.
ESEs are co-occupied by many TFs, chromatin remodeling proteins, and basal TFs. The broad and high ESE H3K27ac and Pol II signals indicate high-level transcription at ESEs. The high phosphorylated Pol II Ser5 signals indicate efficient transcription elongation at ESEs. The presence of abundant eRNA transcripts from these ESEs was further validated by GRO-seq and qRT-PCR. In GRO-seq experiments, the nascent transcripts detected are usually short because the run-on lasts only 10 min. Therefore, it is difficult to fine map the eRNA transcription start and termination sites by using this assay. We tried to use Northern blots to determine the size of the MYC ESE eRNAs, and we could not detect specific signals. It is possible that the eRNAs are small and unstable, thus not readily detectable by conventional molecular biology assays.
eRNA can modestly enhance TF DNA binding through a "trapping" mechanism (28). YY1 can bind to both DNA and nascent RNA transcribed from enhancers (39) . Inhibition of transcription can reduce YY1 DNA binding (28) . EBV encoded small nonpolyadenylated RNA EBER2 can increase PAX5 binding to the EBV terminal repeat sequence (40) . Another ESE constituent, SPI1, is also known to bind to both DNA and RNA (41) . ESE eRNAs are likely to act similarly to facilitate or stabilize ESE formation. Arginine-rich motifs are known to bind RNA (42) . The major EBV super-enhancer component, EBNA2, has an arginineglycine repeat domain at amino acids 337-354. PolyG agarose beads efficiently bind to wild-type EBNA2 but not EBNA2 deleted for amino acids 337-354 (43) , indicating that the EBNA2 arginineglycine repeat can bind to RNAs. Therefore, it is highly likely that this domain can also interact with eRNAs.
We also find ESE eRNAs to be important for enhancerpromoter looping at the MYC locus. Enhancer-promoter looping allows enhancers from a distance to contact a promoter and enable assembly of large transcription activation complexes at promoters. DNA looping factors facilitate enhancer-promoter looping. Cohesin family members, e.g., RAD21, SMC2, and SMC3, are critically important for these loops. eRNAs can bind to RAD21 and stabilize enhancer-promoter looping (44) . Both −525 and −428 MYC ESEs have significant ChIP-seq signals for RAD21. The MYC TSS also has significant RAD21 signals. Therefore, RAD21 can bring remote enhancers to the TSS of their target genes (45) .
Because ESEs are much bigger enhancer clusters formed by large protein, DNA, and RNA complexes, they are more sensitive to perturbations. BRD4 inactivation had a much bigger impact on SEs than TEs (46) . BRD4 inactivation also halted LCL growth and reduced ESE targeted MYC expression (26, 46) . We now find that inactivation of the ESE constituent eRNA by shRNA greatly reduced LCL growth, suggesting that eRNAs are therapeutic targets. shRNAs, siRNAs, and locked nucleic acids can effectively degrade RNAs. Their applications to controlling EBV transformed cell growth should be further evaluated.
Experimental Procedures
Cell Culture and Treatment. GM12878 LCLs, or conditional EBNA2HT LCLs, were grown in RPMI medium 1640 supplemented with 10% FBS, 2 mM L-glutamine with penicillin, and streptomycin. EBNA2HT LCLs were grown in the presence of 4-HT.
shRNA Knockdowns. Oligos for shRNA targeting eRNAs were inserted into pLKO.1. vector. Lentivirus was prepared from 293T cells transfected with these plasmids and packaging plasmid and VSV-G pseudo typing plasmid. Virus-containing media was collected 48 h after transfection, passed through a 0.45-μm filter (Corning). One millimeter of the lentiviral supernatants were used to infect 6× 10 5 LCL cells. Forty-eight hours after infection, cells were selected in 3 μg/mL puromycin for another 48 h. Cells were then seeded at 1 × 10 5 /mL in fresh media. Hairpin sequence are listed in Table S2 .
RNA Isolation and qRT-PCR. Three days after the cells were seeded in fresh media, total RNA were prepared by using TRIzol (Invitrogen). qRT-PCR was done by using Power SYBR Green RNA-to-CT1-Step Kit (Applied Biosystems) and normalized against GAPDH. qPCR primers are listed in Table S3 . GRO-seq Analysis and Visualization. Gro-seq reads were mapped to the human genome hg19 by using bowtie with default parameters. The Sam file generated from mapping was then processed by samtools to create a sorted Bam file. The sorted Bam files were used to make a Bedgraph by running genomeCoverageBed-bg on sense or antisense strand separately. The BedGraph values were then divided by the number of million of mappable reads. The two files (both strands) were concatenated back together through igvtools sorting. Igvtools tile was used to create a TDF file for visualization. Those transcripts >5 kb away from the 5′ or 3′ ends of annotated genes were defined as "intergenic transcripts." eRNAs was identified based on the characters of intergenic transcripts (length <9 kb), which originated from both strands, produced in opposite directions as a divergent pair, or overlapped a transcript originating from one strand of DNA only (unpaired).
ChIP. Cells (2 × 10 6 ) were fixed with 1% formaldehyde for each ChIP assay.
The cells were then lyzed, and lysates were sonicated. The soluble chromatin was diluted and incubated with 2-μg antibodies for H3K27ac (Abcam) or anti-HA as negative control (Abcam). Specific immunocomplexes were precipitated with protein A beads. Beads were extensively washed. After reverse cross-linking, DNA was purified by using QIAquick Spin columns (Qiagen). qPCR quantified the DNA from ChIP assay and normalized it to the percent of input DNA. Primers used are listed in Table S4 .
Chromatin Conformation Capture. Cells were cross-linked with 1% formaldehyde for 10 min at room temperature. Fixed chromatin from 1 × 10 7 cells was digested with 600 units of EcoRI (NEB) at 37°C overnight. Ligation was done with incubation of 800 units of T4 DNA ligase (NEB) for 24 h at 16°C. For each samples, 30 μL of proteinase K were added and reverse decross-linked at 65°C overnight. DNA was then purified by phenol-chloroform extraction and ethanol precipitation. Then 3C products were quantified by qPCR.
For qPCR, the ΔCt method was used to analyze the data. GAPDH Ct values was used to normalize the difference between different cell lines. The quantities of the amplicons were normalized against BAC DNA. Primer sequences for qPCR are listed in Table S5 . EcoRI   E1  E2  E3  E4  E5  E6  E7  E8  E9  E10  E11  E12 LCLs transduced with shRNA lentiviruses were crosslinked, and the genomic DNAs were digested with EcoRI. The digested DNAs were ligated in diluted condition and treated with proteinase K. qPCR was used to quantitate the ligation products. The efficiencies of all of the primer pairs were normalized against the ligation products from BAC DNA covering the same genomic region. The relative frequency of ligation was determined by qPCR. Chimera DNA (ligation product) were measured by using an anchor primer near MYC TSS site and a set of primer spanning the whole genomic region (chromosome 8: 128176039-128680342). GAPDH was used to normalize the DNA from three different cells. The normalized interaction frequencies in LCLs depleted for −525 MYC ESE eRNA (black lines), -depleted for 428 MYC ESE eRNA (orange lines), or control shRNA-treated cells (blue line) are shown. The frequencies of interactions were determine from two independent experiments and measured in triplicates. Looping events were detected between the promoter regions and distal enhancer regions at E9 and E11 sites in control shRNA-treated cells. Error bar indicated SD. *P < 0.02.
